Analysis of a device model for organic pseudo-bilayer solar cells J. Appl. Phys. 112, 084511 (2012) Addition of regiorandom poly(3-hexylthiophene) to solution processed poly(3-hexylthiophene): [6, 6 ]-phenyl-C61-butyric acid methyl ester graded bilayers to tune the vertical concentration gradient APL: Org. Electron. Photonics 5, 235 (2012) Addition of regiorandom poly(3-hexylthiophene) to solution processed poly(3-hexylthiophene):[6,6]-phenyl-C61-butyric acid methyl ester graded bilayers to tune the vertical concentration gradient Appl. Phys. Lett. 101, 173301 (2012) The light activation phenomenon in inverted P3HT:PCBM bulk heterojunction organic solar cells based on titanium oxide sublayer (TiO x ) is characterized by fast acquisition of current-voltage (J-V) curves under light bias as function of time. TiO x layers were thermally treated under inert atmosphere at different temperatures prior active layer deposition and for every device an activation time was extracted. It is shown that the higher the TiO x annealing temperature, the faster the activation. The improvement of the overall device performances is also observed for devices with TiO x layers baked above 100 C. The evolution of the characteristic of the organic semiconductors (OSC) device, from dielectric to diode, is attributed to the increase of TiO x conductivity by three orders of magnitude upon white light illumination. Additionally, devices based on baked TiO x present higher conductivity than those based on unbaked TiO x which would explain the gain in performances and the short activation time of the OSC. In order to understand the origin of the phenomenon, deactivation experiments were also performed under different conditions on OSC. The deactivation process was shown to be thermally dependent and fully reversible under inert atmosphere, which suggest that deep traps are responsible for the activation phenomenon. An optimal annealing temperature was found at 120 C and gives a reasonable short activation time of approximately 1 min and photo conversion efficiency up to 4%. V C 2012 American Institute of Physics. [http://dx
I. INTRODUCTION
Polymer photovoltaic solar cells (PSC) have been the subject of increasing attention around the world for the last 20 years as a potential source of renewable energy. PSC offer multiple advantages such as low production costs, reduced weight, potential flexibility, and power conversion efficiencies (PCE) approaching values of amorphous silicon industry. 1 Since 2005, so-called inverted PSC have been developed which exhibit improved air stability compared to conventional direct structures. [2] [3] [4] [5] In an inverted PSC, electrons are collected by the indium tin oxide (ITO) bottom electrode through transparent electron selective layers, whereas holes are collected from the evaporated top electrode, generally across a thin film of hole selective layer such as molybdenum oxide (MoO 3 ) or poly (3,4-ethylenedioxythiophene) doped with poly(4-styrenesulfonate) (PEDOT-PSS). The top electrode is generally made of silver, since air exposure leads to the formation of silver oxide; the latter exhibits a higher work function thus enhancing hole collection. 6 Several materials such as calcium, 7, 8 titanium oxide (TiO x ), 9, 10 zinc oxide (ZnO), [11] [12] [13] cesium carbonate (Cs 2 CO 3 ), 14, 15 or aluminum-doped zinc oxide 9 have been introduced as transparent electron-selective layers. S-shape current-voltage (IV) curves or inflection points in direct solar cells have been observed and reported in various articles. 16, 17 These authors attributed this phenomenon to the presence of strong interface dipoles or spaces charges due to a reduced majority surface recombination velocity. Similar inflection points can be observed in inverted solar cells build on ZnO and TiOx layers. In many cases, inverted solar cells built using TiO x or ZnO present similar S-shaped IV characteristics which can be suppressed under continuous white light illumination. Such activation of inverted solar cells has been reported in a few articles for TiO x based [18] [19] [20] [21] as well as in ZnO based devices. [22] [23] [24] [25] [26] The commonly accepted explanation for ZnO activation is that adsorbed molecular oxygen acts as an electron trap and causes bending of the titania band diagram, therefore forming a barrier against the extraction of electrons. Upon UV illumination (part of the white light illumination of a sunlight or solar simulator), this adsorbed species desorbs and the charge extraction is enhanced, explaining the improvement of the fill factor. [22] [23] [24] [25] [26] However, in the case of TiO x , the origin of the phenomenon is still under debate. While some groups claim that activation comes from adsorbed molecular oxygen (as for ZnO), 21, 27 Kim et al. support the hypothesis that shallow charge carrier traps are present in between the valence band and the conduction band of TiO x , which are filled upon UV irradiation of the TiO x layer, therefore improving its series resistance and photo-conductivity. 20 Whatever the physical origin, improvement of the fill factor results in the disappearance of the insulating zone at one interface.
In this article, we attempt to give some insights on the light activation phenomenon. The light activation duration is studied via fast current-voltage measurements as a function a)
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V C 2012 American Institute of Physics 112, 094503-1 of thermal treatment of the oxide under inert atmosphere prior to the deposition of the bulk heterojunction. For every sample, the evolution of various photovoltaic parameters (J sc , V oc , FF, PCE) as a function of the irradiation time is plotted in order to extract a corresponding rising time. Fully activated devices are submitted to different storage conditions in order to study the deactivation of the device and understand the origin of the traps. Pure TiO x -based devices were also fabricated in order to study the influence of the thermal treatment on the conductivity of the TiO x layer.
II. MATERIALS AND METHODS
The bulk heterojunction used in this study is based on a well-known couple of materials: poly(3-hexylthiophene) (P3HT) and 1 -(3-methoxycarbonyl)propyl-1-phenyl [6, 6] C 61 (PCBM), which has been extensively studied in the last decade. 28 Inverted solar cells have been fabricated with the structure Glass/ITO/TiO x /P3HT:PCBM/MoO 3 /Ag using standard procedures. 15 Â 15 mm 2 ITO-coated glass sheets (10 X
2
, Kintec) are successively cleaned in acetone, ethanol, and isopropanol in an ultrasonic bath and exposed to UV-ozone for 20 min. Titanium oxide is prepared as followed: Titanium (IV) isopropoxide (TIPT, Aldrich, 99.999%) is diluted in absolute ethanol at a concentration of 0.05 M, to which HCl is added in order to have a water to TIPT molar ratio (rw) of 0.82 and a pH of 1.9. 29 The precursor solution is stirred for 72 h at room temperature. 40 ll of TiO x solution is spincoated on the substrate in air (ambient atmosphere) at 1000 rpm for 60 s and kept in air at room temperature for 2 h. Subsequently, the substrates were transferred to a nitrogen-filled glovebox (O 2 and H 2 0 < 0.1 ppm). Starting from this point, the rest of the fabrication process and all the I(V) characterizations are carried out under inert atmosphere. TiO x coated ITO sheets were then thermally treated at various temperatures from 80 C to 180 C for 10 min on temperature-controlled hot plate. The TiO x thickness was measured to be 15 6 5 nm using a Tencor IQ profilometer. P3HT (Plexcore OS2100) and PCBM (99.5%) were supplied from Plextronics and Solaris-Chem Inc., respectively, and used as received. Solutions were prepared in o-dichlorobenzene, at a 1:1 weight ratio and a concentration of 20 mg/ml. Solutions were first stirred at 90 C for 10 min and subsequently at 50 C for 24 h. P3HT:PCBM was spincoated at 1000 rpm during 25 s. Instantly after spin-coating, the substrates were individually placed in small closed petri dishes overnight at room temperature for solvent annealing. Solvent annealing is a well-known technique to promote the phase segregation of bulkheterojunction materials by keeping the layers under a saturated solvent atmosphere. 30 It is important to mention that no thermal annealing of BHJ was performed in this study, in order to increase the effect of temperature on TiO x only. The resulting P3HT:PCBM thickness was 240 6 10 nm. Both the solvent annealing procedure and the spincoating time coupled to solution concentration, i.e., active layer thickness, were optimized. 8 nm-thick MoO 3 (Serac) followed by 100 nm-thick silver electrodes were successively thermally evaporated under a secondary vacuum (10 À6 mbar) onto the P3HT:PCBM layer through a shadow mask to define a 8.6 mm 2 active area. Experiments were repeated on 8 individual cells to evaluate the standard deviation. The devices were characterized using a K.H.S. SolarCelltest-575 solar simulator with AM1.5 G filters set at 100 mW/cm 2 with a calibrated radiometer (IL 1400BL). Labview controlled Keithley 2400 SMU enabled the measurement of current density-voltage (J-V) curves every 4 s to observe any eventual curve modification during light exposure.
For the TiOx conductivity study, specific devices were fabricated using the following procedure. 15 Â 15 mm 2 glass sheets are successively cleaned in acetone, ethanol, and isopropanol in an ultrasonic bath and exposed to UV-ozone for 20 min. Using the same titanium oxide precursor solution, a TiOx precursor layer is deposited by spin-coating (1000 rpm, 60 s) onto the glass sheets. After 2 h of conversion under air, the samples were put under an inert (N 2 ) atmosphere ([O 2 ] and [H 2 O] < 0.1 ppm) and thermally treated at various temperatures from 80
C to 180 C for 10 min. Aluminum top contacts were then deposited by thermal evaporation in order to define the channel length and width, 50 lm and 2.5 mm, respectively. The I(V) characteristics of this devices, in the dark and under illumination, were recorded using a Keithley 4200 SMU and the same solar simulator was used for solar cell characterization.
III. RESULTS AND DISCUSSION
A. Activation phenomenon In order to quantify the activation phenomenon, a rising time (t ) for the different PV parameters (J sc , V oc , FF and PCE) was defined as the time needed for the value to increase from 10% to 90% of its maximum. Figure 2 presents the evolution of t 10-90 for J sc , V oc , FF, and PCE as a function of the baking temperature of the TiO x layer. These results clearly show that V oc reaches its maximum value after the first few seconds independently of the TiO x baking time. This apparent Voc rising time is due to the fact that it is undetectable at the beginning as the device acts as an insulator. After a few seconds of illumination, the device starts to present a diode characteristic: the V oc appears and does not change significantly upon further illumination. This is clearly different to the S-shape phenomenon observed in direct solar cells, in which the appearance of the S-shape anomaly is accompanied with changes in Voc. In those studies, the inflection points are attributed to the presence of interfacial dipoles. 16, 17 Our result suggests that in TiO x based devices the activation process is related to a vanishing of the insulating zone in series with the diode.
On the other hand, J sc and FF (and as a consequence PCE) present a rising time dependent on the TiO x baking temperature. Generally J sc rises faster than FF and both rising times decrease with increasing TiO x baking temperature. These rising times are considerably reduced if the TiO x layer is pre-baked under an inert atmosphere at high temperatures (160-180 C). Table I summarizes the average PV characteristics and their corresponding rising time for the different TiO x baking temperature studied.
For all PV characteristics, an increasing TiO x baking temperature leads to a shorter rising time. For unbaked devices, the t 10-90 of FF is much longer than that of the devices with TiO x baked at 180 C, 183 s, and 51 s, respectively. Lilliedal et al. observed a similar effect of the thermal treatment on the activation of ZnO based OSC: thermal annealing at 105 C leads to a less prominent inflection point in the IV. It was suggested that the desorption of molecular oxygen trapped at the surface of ZnO could occur thermally at 105 C. 26 Our results are in agreement with this previous report and the decrease of the activation time with increasing temperature could be due to a faster desorption of molecular oxygen. This matter will be discussed in the next paragraph in which the deactivation experiments are analyzed.
Devices made with baked TiO x layers also present better PV characteristics which is mainly due to an increase in the short-circuit current. Indeed, while devices with unbaked titanium oxide layers only reach 2.8%, almost all devices made with baked oxide layers present PCE above 3%. Moreover, it seems that starting from a baking temperature of 100 C the devices PCE reach a plateau around 3.5% within error. AFM images of the different TiO x layers were acquired and no relevant differences in the roughness of the surface were found, thus discounting the possible influence of the substrate morphology on the OSC performance. To conclude, a TiO x -based OSC needs to be activated in order to give its optimal power conversion efficiency. This result indicates that traps are present in the titanium oxide layer or at the interface and that illumination of the TiO x layer leads to the elimination or the filling of these traps. Interestingly, our study shows that increasing the annealing temperature of the TiO x layer under an inert atmosphere leads to a lower activation time and improved PV characteristics. The next paragraphs focus on the origin of these traps and the influence of baking temperature on conductivity of the TiO x layer.
B. Deactivation phenomenon
As the origin of the traps in TiOx is still under debate: adsorbed O 2 , 21, 27 shallow traps, 20 polarization, 19 the deactivation behavior of the activated OSC has been studied under different conditions. In this experiment, fully activated organic solar cells with unbaked TiO x layers were kept under three different storage conditions in the dark: under an inert atmosphere at room temperature (N 2 -RT), under an inert atmosphere at 80 C (N 2 -80 C) and under air at room temperature (Air -RT). Unbaked TiO x based OSC were chosen for this study because of their extended activation time. The remaining activation rate (RAR) for each storage time is determined as the ratio between the PCE at t ¼ 0 (first seconds of illumination) and the maximum PCE. Figure 3 shows the RAR as a function of the storage time under these different conditions. These results clearly show that the deactivation phenomenon is thermally dependent. Indeed, deactivation is the fastest when the device is stored at 80 C under an inert atmosphere while an identical device, stored at room temperature and under the same inert atmosphere, does not deactivate, even after 100 h of storage. We emphasize that the same sample was submitted to successive activation/ deactivation processes and that, for samples stored under inert atmosphere (N 2 -RT and N 2 -80 C), the whole study was carried out continuously under inert atmosphere, i.e., the samples were never in contact with the atmosphere. These results prove that no irreversible physico-chemical modification of the materials or interfaces, such as sol-gel conversion completion or residual solvent removing for instance, is responsible for the activation phenomenon. It also rules out the intervention of O 2 as a trap, as suggested by Schmidt et al. and commonly accepted in ZnO based devices. Indeed, the activation/deactivation phenomenon at 80 C and under an inert atmosphere is totally reversible. If O 2 is desorbed during the first activation cycle, it is unlikely that the oxygen molecules are re-adsorbed by treating the cell at 80 C, especially under an inert atmosphere. Eisgruber et al. reported Sshape distortion in CuInSe 2 (CIS) solar cells which can only be removed by blue-light illumination, i.e., by photons with energy greater than the band-gap of CdS. 31 A model was proposed describing a high concentration of deep levels in the CdS window layer and a low concentration of free charge carriers. They also observed a long relaxation time due to a slow discharge rate of the deep states. Their observations and analysis are very similar to that observed in our study (white-light activation, slow deactivation at room temperature storage), suggesting that a similar process might occur in TiO x based OSC. It is plausible that the amorphous TiO x layer formed via sol-gel procedure contains deep electronic traps in the bandgap of TiOx. Irradiation in the UV range of the TiOx layer induces the direct excitation of valence band electrons into the conduction band. Both electrons and holes will then fill the traps. When the traps are totally filled, the free electron density in the conduction band is increased, the S-shape distortion disappears and the device presents its full performances. One may also note that storage under air at room temperature also provokes the deactivation of the device, even though it is at a different time scale. One might suggest that O 2 is adsorbed at the surface of the TiOx and would harvest an electron to formed O 2 À , therefore emptying traps.
Szczepankiewicz et al. 32 did an extensive study on the nature of the traps in TiO 2 layer. It was shown that, after irradiation of the TiO 2 layer and the creation of electron/hole pairs, both charges can be trapped by hydrated surfaces functionalities of TiO 2 according to the following mechanisms 32, 33 :
where >Ti IV OH represents the primary hydrated surface functionality of TiO 2 , e cb is the conduction band electron, h vb is the valence band hole, {>Ti does not lead to a fast de-activation process, as shown by Szczepankiewicz et al. Based on the correlations between the two studies, one could suggest that the nature of the traps present in our devices are those resulting from reaction (1) and/or (2). In our study, TiO x layer is amorphous. The trap density is thus higher than in a single crystal and Ti IV OH species might exist in the bulk and not only at the surface as it is the case for crystalline TiO 2 . A basic storage in air is then less efficient to de-activate because either O 2 or H 2 O have to diffuse in the bulk to release the charges in the traps. Further experiments will need to be performed in order to identify clearly the nature of the traps and quantify them.
C. Pure TiOx based devices
In order to investigate in detail the TiO x activation phenomenon and the influence of baking the TiO x under an inert atmosphere, TiO x layers with aluminum contacts were fabricated with the architecture presented in the inset of Figure 4 . Before the deposition of the aluminum contacts, the TiO x layers were exposed to different baking temperatures under an inert atmosphere, from 80
C to 180 C in order to study its influence on the photoconduction of the TiO x layers. The evolution of I(V) characteristics of unbaked and baked (80 C to 180 C) devices under illumination (100 mW cm À2 , AM 1.5 G, inert atmosphere) was investigated and the evolution of the conductance at a bias voltage of 1 V is plotted in Figure 4 . It is clear that TiO x devices have very low conductivity prior illumination. Conductance below 10 À11 S is found in all cases before illumination, while it reaches up to 4 Â 10 À9 S after 9 min of illumination. Such a behavior had already been reported in a few articles on TiO x -only devices. 34, 35 Pomoni et al. 35 attributed the increase in the TiO x photoconductivity upon illumination to traps filling until most of the traps are filled and the maximum photoconductivity is reached. In our experiments, the photoconductivity of baked and unbaked TiO x layers increases similarly upon illumination; however, the activation rate and the maximum conductivity reached are influenced by the thermal treatment. For instance, baked TiO x layers reach a higher photoconductivity than the unbaked device.
The first observation is that light-activated baked TiO x , even at low temperature such as 80 C, present much higher conductivity than activated unbaked devices: there is at least one order of magnitude difference in the conductance. In addition, the higher the baking temperature, the better is the photoconductivity under illumination. Indeed, after the same illumination time, one can observe that the current increases gradually with the baking temperature, except for high temperature around 160-180 C. Based on the hypothesis of Pomoni et al., 35 one could suggest that the increase of the TiO x baking temperature leads to the diminution of the trap density (primary hydrated surface functionality of TiO 2 ), and, therefore, to a faster attainment of high conductance values. Pomoni et al. also showed that the maximum photoconductivity reached is lower when the trap density is higher (in their case adsorbed O 2 ). This hypothesis is in agreement with the increase of the maximum conductivity with increasing baking temperature, i.e., decreasing trap density.
The second observation is that a persistent photoconductivity occurs. This phenomenon is a light-induced change in the free carrier concentration which persists once the light excitation is removed. This phenomenon has already been observed in GaN, 36, 37 TiO 2, 38 and ZnO. 23 No systematic investigation has been made in this paper to explain the exact origin of the persistent photoconductivity. However, this behavior could be another signature of charges trapped in deep levels which are responsible of the light-activation phenomenon observed in inverted solar cells. A metastable state is activated with UV light in the TiO x layer which acts as doping and reduces the series resistance of the inverted solar cell.
These changes in TiO x conductivities can be linked to the differences observed in the OPV devices. Power conversion efficiencies vary from 2.8% for unbaked devices to more than 3% for devices with baked TiO x . This increase can be explained by the better conductivity of baked TiO x layers which would result in a lower series resistance, as observed in Figure 1 . However, no obvious discrepancy is noticeable on the OSC photovoltaic characteristics versus the gradual increase of the TiO x conductivity. Indeed, Table I indicates that devices with TiO x baked at 100 C present already very good PV characteristics. One can suggest that, above a specific conductivity of the TiO x layer, other factors are limiting the PCE and the further increase of the TiO x conductivity would have no influence on the PV characteristics, especially for thin TiO x layers. 34 From these results, it is also possible to understand the relation between the TiO x baking temperature and the activation time. Data presented in Table I suggest that the conductivity of TiO x layers baked at 100 C is sufficient for the OSC to reach high performances and that the device presents 90% of its maximum PCE after 64 s of illumination. Figure 4 shows that after 1 min of illumination, the conductance of the TiO x device under a 1 V bias is 2.7 Â 10 À10 S. The unbaked device reaches this value after more than 10 min of illumination while the device made with TiO x baked at 80 C reaches it between 2 and 3 min. at higher temperature, this value is reached in less than 1 min. As a conclusion, the higher the TiO x baking temperature, the faster the TiO x reaches the necessary conductivity and the faster the OSC device reaches its maximum performance.
IV. CONCLUSIONS
Thermal annealing under an inert atmosphere of TiO x layer prior to active layer deposition is shown to shorten the activation period and to improve the overall performances of the devices. The baking process improves the conductivity of the TiO x layer and explains the gain in performances and reduction of the activation time. Deactivation experiments were performed in order to understand the origin of the activation phenomenon. It was shown that activation/deactivation was fully reversible under an inert atmosphere and that deactivation was thermally assisted. The activation phenomenon is attributed to the presence of traps localized on the primary hydrated surface functionalities of TiO x which have to be filled before the oxide reaches a sufficient conductivity, rather than desorption of O 2 . Storage of the device under air leads to a slow deactivation of the OSC. One can suggest that adsorbed oxygen can empty the traps by creating O 2 À species. An optimal baking temperature of the TiO x layer was found at 120 C. In this case, OSC present a reasonable short activation time of approximately 1 min and an average PCE of 3.58% (a maximum PCE of 4%).
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